An imager for optical tomography was designed based on a detector with 128x128 single-photon pixels that included a bank of 32 time-to-digital converters. Due to the high spatial resolution and the possibility of performing time resolved measurements, a new contact-less setup has been conceived in which scanning of the object is not necessary. This enables one to perform high-resolution optical tomography with much higher acquisition rate, which is fundamental in clinical applications. The setup has a resolution of 97ps and operates with a laser source with an average power of 3mW. This new imaging system generated a high amount of data that could not be processed by established methods, therefore new concepts and algorithms were developed to take full advantage of it. Images were generated using a new reconstruction algorithm that combined general inverse problem methods with Fourier transforms in order to reduce the complexity of the problem. Simulations show that the potential resolution of the new setup is in the order of millimeters. Experiments have been performed to confirm this potential. Images derived from the measurements demonstrate that we have already reached a resolution of 5mm.
INTRODUCTION
Optical tomography has been traditionally characterized by low resolution and poor image quality. Recently, researchers have demonstrated that it is possible to improve the image quality by using large data sets coming from CCD cameras.
1, 2 The proposed systems scan the surface of the object under study using continuous-wave (CW) lasers or illuminate them with spatially modulated light. 3 Although there have been attempts of using time-resolved methods in combination with large data sets by using intensified CCD cameras, these systems have major performance restrictions, thus limiting their suitability. 4 Time-resolved techniques enable better depth resolution, thus improving the quality of the reconstructions and they are better suited to resolve absorption and scattering. 5 In this paper, the aim is to show how recently developed single-photon avalanche diode (SPAD) array imagers 6 can open new frontiers in time-resolved optical tomography. These new sensors combine high spatial resolution images with picosecond time-resolved measurements, bringing together the advantages of using discrete components for time-resolved measurements and CCD cameras. The presented setup does not require raster scanning the surface of the tissue or any other change in the properties of the illumination source. A new theoretical framework has been developed to model the propagation of cylindrical waves in highly scattering media and reconstruct heterogeneities embedded in it.
SETUP
Although illumination with plane waves has shown to reduce the complexity of reconstruction algorithms, 1 it is not possible to use this approach with this sensor due to the fast temporal response of backscattered light with plane waves. In terms of temporal response, image contrast and resolution, this approach would be similar to zero distance source-detector approaches used in near-infrared spectroscopy.
7 Monte Carlo simulations 8 show that in this kind of experiments the optical signal has a dynamic range of more than 50dB per nanosecond.For this reason, a new illumination system has been conceived that trades off image reconstruction complexity with sensor speed. The solution adopted was to illuminate the object under study with lines outside the field of view of the camera. Thus,the light captured by the sensor undergoes several scattering events before it is detected, making its temporal point-spread function (TPSF) much smoother. The SPAD sensor used in this work is implemented a) b) in a standard CMOS 0.35µm process. It has 128x128 pixels connected to 32 time-to-digital converters (TDCs) with a resolution of 97ps. 6 This detector works in time-correlated single-photon counting (TCSPC) mode and provides time-resolved measurements for each of its pixels, independently. A Becker&Hickl BHLP-700 laser with an average power of 3mW is used as light source. Two parallel lines on the tissue by means of a fiber coupler and two diffusers and collimators. A telecentric objective with high numerical aperture is used to focus the backscattered light from the tissue into the SPAD imager. Figure 1 shows the new optical setup.
For the experiments, we use an intralipid phantom as target. It is composed of distilled water, intralipid emulsion and Indian ink. Small heterogeneities made of silicon, TiO 2 and carbon powder are introduced in the phantom in order to be reconstructed. Those heterogeneities have the same reduced scattered coefficient µ
THEORY
We use the diffusion approximation for the photon density u( r, ω t ) in a diffusive media produced by a harmonically time modulated source 9 S( r, ω t ), resulting in Eq. (1), where µ ′ s and µ a are assumed to be constant and ν is the speed of light in the medium. If the source term q( r, ω t ) is x independent, then the solution of (1) in a homogeneous infinite medium is Eq. (4), where
is a Hankel function of the first kind, r yz = (y, z), and r 0 yz is the position of the source.
If the first Born approximation for an absorption heterogeneity is applied to Eq. (1) then the resulting perturbation in the photon density is given by:
where δµ a ( r) is the absorption perturbation, u 0 ( r, ω t ) is the photon density in the absence of any perturbation, in this case given by (4), and u s ( r, ω t ) is the perturbation in the photon density, being the total photon density u( r, ω t ) = u 0 ( r, ω t ) + u s ( r, ω t ). Assuming that u 0 ( r yz , ω t ) >> u s ( r yz , ω t ), the solution to Eq. (5) has an integral form (6) that can be written in terms of the equation's Green's function. Some authors use this triple integral to formulate the equation system that will be inverted to reconstruct the objects that produced the perturbations in the measured photon density. The problem's complexity however increases linearly with the number of voxels.
In order to reduce the complexity of the problem, we apply Fourier in the x domain to Eq. (5), yielding:
where q x is the spatial frequency in the x direction. The Green's function of (7) is (9), and its solution can therefore be expressed in its terms as shown in Eq. (10) g( r| r
Given the fact that it is possible to measure u s in the reception plane, an equation system can be formulated for each spatial frequency q x , where u s is defined for each different combination of y position and time modulation frequency ω t , reducing the complexity of each equation system from 3 dimensions to only 2. Once δµ a (q x , r yz ) is resolved for each q x , then δµ a ( r) can be simply calculated with an inverse Fourier transform. 
RESULTS
A new reconstruction algorithm has been implemented based on the theory described above. Its main advantage resides in the fact that it works with all the sources superimposed and uses the information in the time frequency domain to invert the integral Eq. (6). Hence, it is not necessary to perform a measurement for each source, and thus much faster the acquisitions can be achieved. The algorithm also exploits the source geometry to reduce the complexity of the system of equations to be inverted by applying Fourier in the x spatial domain. The algorithm we implemented is a derivation of the previously described formula (10) that takes into account the fact that we are working in a semi-infinite medium and that we measure the photon flux on the surface of the medium, not directly the photon density.
We performed simulations with our model to evaluate the performance of the reconstruction algorithm in the absence of noise. As described in literature, 9 the problem is ill posed by nature, due to the absorbing nature of the medium and the limited measurement points on the surface. For this reason, regularization is a key factor when resolving the system of equations.We performed several simulations with different inversion algorithms. The setup that we simulated is shown in Figure 2 . The reconstructions for the different methods are shown in Figure 3 . The best results were obtained using the sub-space preconditioned least square root (SP-LSQR) algorithm 10 with a cosines basis and a customized linear operator that optimized the result. SP-LSQR is an iterative algorithm that uses Tikhonov regularization together with the classical iterative LSQR algorithm. In order to find the solution to the equation system it tries to minimize the following formula:
where A is the matrix defining the equation system, b are the constant terms, x the unknowns, L is a linear operator that defines a suitable smoothing norm for the problem and λ is the regularization parameter that controls the weight between the residual and smoothing norms. Figure 4b shows the reconstruction obtained from the experimental data. We can clearly distinguish two objects embedded in the phantom. Only one section of the cylinders is detected accurately, this is due to the fact that there is not enough light illuminating the other half of the cylinders. This will be overcome by adding a second source at the other side of the detector in the future. Despite, the current limitations, our prototype demonstrates a target detection consistent with a spatial uncertainty of less than 5mm, thus showing the suitability of the approach to the target applications. 
CONCLUSIONS
In this contribution we demonstrated how SPAD imagers make time-resolved high spatial resolution measurements for 3D NIRI possible, filling the gap between low resolution time-resolved measurements and high resolution CW measurements.
The new algorithm reduces the complexity of the reconstructions making it possible to parallelize the computations and enabling higher resolutions.
It has been demonstrated that a resolution of at least 5mm can be obtained with the presented setup. We are planning to upgrade the setup so it can be used with multiple light sources and thus be able to reconstruct bigger areas. We expect as well that with more light sources the resolution of the system will improve significantly.
